Carbon nanotubes (CNTs), a new type of carbon material, show exceptional adsorption capability and a high adsorption efficiency for the removal of chromium(VI) ions from water over a broad pH range extending from 4.0 to 7.5. The largest adsorption capacity for CNTs occurred at pH 7.5 and attained a value of 20.56 mg/g at an equilibrium Cr(VI) ion concentration of 33.28 mg/l. The adsorption rate of Cr(VI) ions was fast over the first 20 min with the adsorption capacity of the CNTs reaching 15 mg/g rapidly. The experimental results suggest that CNTs can be employed as good adsorbents for Cr(VI) ions and have great potential for applications in environmental protection.
INTRODUCTION
Chromium(VI) is one of the extremely toxic heavy metals found in various industrial wastewaters (Alves et al. 1993) . The physiological effects of the ingestion of Cr(VI) ions on human health have been studied intensively. Public health consideration of chromium is mostly related to Cr(VI) compounds that are irritants due to their high solubility and diffusivity in tissue, allowing them to cross biological membranes easily. It is documented that certain Cr(VI) compounds are carcinogenic and mutagenic. The toxic effects of Cr(VI) ions on humans include liver damage, internal haemorrhage, respiratory disorders, dermatitis, skin ulceration and chromosome aberrations. Various methods employed for the removal of Cr(VI) ions from wastewaters include chemical precipitation, membrane filtration, ion exchange and adsorption, the latter process being a more useful method for metal removal than the others listed. The adsorbents commonly recommended for Cr(VI) ion removal are alumina, silica (Yabe and Oliveira 2003) and activated carbon (Selvi et al. 2001) .
Carbon nanotubes (CNTs) are attracting increasing interest since their discovery by Iijima in 1991. Their small sizes, large surface areas, high mechanical strength and remarkable electrical conductivities indicate their tremendous potential for future engineering applications, such as hydrogen storage (Dillon et al. 1997 ), field emission (Wang et al. 1998 , catalyst supports (Planeix et al. 1994) , composite materials , etc. Studies using CNTs as adsorbents have also been reported. Thus, Long and Yang (2001) found that CNTs were superior adsorbents for the removal of dioxin.
In the present studies, we have used CNTs as adsorbents for the removal of Cr(VI) ions and found that they exhibit excellent characteristics for the removal of this metal ion from drinking water.
EXPERIMENTAL
CNTs were fabricated via the catalytic pyrolysis of a propylene/hydrogen mixture (C 3 H 6 /H 2 = 2:1) in a ceramic tube at ca. 750°C using Ni particles as the catalyst. Transmission electron microscope images ( Figure 1) show that the CNTs had an average diameter of ca. 30 nm and a length ranging from hundreds of nanometers to micrometers. The as-prepared CNTs were immersed in concentrated nitric acid and hydrofluoric acid to dissolve the catalyst particles and catalyst supports and then washed with deionized water. The dried CNTs were ground by ball milling to break the CNTs into short pieces and the resulting products fluxed with a solution consisting of a mixture of nitric and sulphuric acids for 1 h at 140°C. Finally, they were washed and filtered until the pH value of the carbon nanotube solution reached 7. The textural parameters of the CNTs were measured using a Micromeritics ASAP 2010 instrument and are listed in Table 1 .
The adsorption capacity of CNTS towards Cr(VI) ions was compared with that of the activated carbon EA-200 (Fujian Jianou ZhiXing Activated Carbon Co. Ltd., P.R. China). The pre-treatment of the activated carbon (AC) was same as that employed for the CNTs. All chemicals used were of A.R. grade and standard solutions of metal ions were prepared by dissolving the corresponding metal chloride salt in deionized water. The Cr(VI) ion solution used in the batch sorption experiments was prepared by dissolving potassium dichromate (K 2 Cr 2 O 7 ) in deionized water.
Adsorption experiments were carried out at room temperature (25°C) by placing 0.1 g CNTs in 100 ml of an appropriate K 2 Cr 2 O 7 solution contained in a glass tube. The effect of different pH values on the adsorption of Cr(VI) ions was studied by adjusting the pH value over the range 1-12 through the addition of 0.1 M HNO 3 or 0.1 M NaOH solutions, respectively. An Elico-Digital pH meter (CL-51 model) was used for all pH measurements. The glass tubes were mounted in a shaker (HZQ-C) and shaken for 24 h. The resulting suspension was filtered through a 0.45-µm membrane filter and the concentration of Cr(VI) ions in the solution determined colorimetrically via the diphenylcarbazide method employing an Agenesis ICP-MS spectrophotometer (Fisons Instruments Ltd.). The extent of Cr(VI) ion adsorption on the CNTs (mg/g) was determined from the relationship:
(1)
where C i and C e are, respectively, the initial and equilibrium concentrations of the Cr(VI) ions (mg/l) and p is the concentration of adsorbent in the solution (g/l).
The adsorption efficiency was expressed as:
(2)
RESULTS AND DISCUSSION

Effect of pH
The pH is the most important parameter controlling the metal ion adsorption process. The effect of pH on the removal of Cr(VI) ions by CNTs and AC are depicted in Figure 2 , which shows that over the broad pH range 1-12 CNTs exhibited a much higher Cr(VI) ion adsorption efficiency than the activated carbon. It is apparent that the Cr(VI) ion was strongly adsorbed at low pH but that such adsorption declined very sharply at pH 3.5 with the activated carbon. The adsorption efficiency of the CNTs was maintained at over 90% over the pH range 1-7.5. However, the Cr(VI) ion adsorption capacity of CNTs decreased sharply at pH 8. The pH value at which the zeta potential is equal to zero is called the isoelectric point (IEP) and is used to obtain a qualitative assessment of the surface charge of an adsorbent. It was shown experimentally that the IEP of the CNTs was 7.7 (Malvern Zetameter, Zetasizer 2000 model). At pH < 7.7, the surface of the CNTs was positively charged and therefore accessible to anions. The Cr(VI) ion adsorption capacity of the CNTs decreases at pH ≥ IEP (7.7) due to the neutral or negatively charged surface of the adsorbent. In addition, when pH > 8.0, large numbers of OH − ions in the aqueous solution compete with Cr(VI) ions for the active sites on the adsorbent surface. The effect of pH on the removal of total Cr, i.e. Cr(III) + Cr(VI), from solution is depicted in Figure 3 .
Oxidation of CNTs with oxidizing acid can introduce many functional groups, e.g. hydroxyl (-OH) and carboxyl (-COOH), onto the surface of the CNTs. For this reason, it is assumed that CNTs are carbonaceous materials that may be expressed as C x OH. Weng et al. (1997) established that the distribution of Cr(VI) ion species in solution depended on the pH: thus, at pH values less than 3.0, the dichromate (Cr 2 O 2− 7 ) and acid chromate (HCrO − 4 ) ion species co-exist in solution. In the presence of a reducing substrate, these species are quickly reduced as depicted in equations (3) and (4): Those Cr(III) ions not sorbed or poorly sorbed at these low pH values remain in solution. Hence, part of the Cr(VI) ions present at pH < 3.5 ( Figure 2) were, in fact, not really adsorbed but reduced to Cr(III) ions that remained in solution. For the above reasons, it can be seen from Figure 3 that the total Cr adsorption capacity decreased as the pH was reduced from 3.5 to 1.0. Figures 2 and 3 show that the best Cr(VI) ion adsorption occurred over the pH range 4.0-7.5. At low pH (< 3.5), CNTs and AC had the same adsorption capacity. However, at higher pH (3.5-12.0), the capacity of the CNTs was apparently higher than that of the AC.
Langmuir adsorption isotherms
The adsorption isotherms for Cr(VI) ions onto CNTs were approximated by the Langmuir equation:
( 5) where C e is the equilibrium concentration of adsorbate in solution, q m denotes the largest mass of Cr(VI) ions adsorbed per unit weight of adsorbent necessary to form a monolayer on the adsorbent surface, and b is the Langmuir constant which is related to the binding energy.
The adsorption isotherms for Cr(VI) ion could be expressed very well by the Langmuir isotherm, with an average absolute percentage deviation less than 10% and correlation coefficients approaching unity. The parameter values for the Langmuir isotherms over the pH range 4.5-9.5 as well as the corresponding correlation coefficients are listed in Figure 4 and Table 2 .
From the data depicted in Figure 4 , it can be seen that the mass of Cr(VI) ion adsorbed onto the CNTs at pH 7.5 attained a value of 20.56 mg/g at an equilibrium concentration of 33.28 mg/l. The adsorption of Cr(VI) onto the CNTs decreased at pH values in the range 8.5-9.5, with the adsorption capacity at equilibrium concentration being 13.89 mg/g and 12.00 mg/g respectively, at these two pH values. The largest value of q m for Cr(VI) adsorption onto activated carbon at moderate pH was 12.6 mg/g.
Mechanism of Cr(VI) ion adsorption by acid-oxidized CNTs
It is well known that as-grown CNTs prepared by chemical vapour deposition (CVD) possess many defects. These defects can offer active sites for the adsorption of Cr(VI) ions onto the outer surfaces of the CNTs. In addition, the inner cavities and the open ends associated with the internanotube space may also contribute to the effective adsorption of Cr(VI) ions. This is supported by the adsorption isotherms for the as-grown CNT depicted in Figure 5 . Refluxing the CNTs with an oxidizing acid had an enormous impact on the adsorption capacity of the CNTs as demonstrated by the data depicted in Figure 5 . These show that the oxidized CNTs had a higher adsorption capability towards Cr(VI) ions than the as-grown CNTs. The adsorption capacity 472 Ze-Chao Di et al./Adsorption Science & Technology Vol. 22 No. 6 2004 increased remarkably when the CNTs were refluxed for 1 h at 140°C with a mixed solution of nitric acid and sulphuric acid. Such refluxing had the following effects: the removal of the amorphous carbon coating the surface of the CNTs, the break-up of entangled CNTs leading to shorter and straighter nanotubes, the opening of the ends of the nanotubes and an increase in the number of inner cavities and defects in the overall structure. The specific surface area and the pore volume of the CNTs increased after oxidation by the acid mixture, the increase in such textural properties benefiting Cr(VI) ion adsorption.
However, the most important factors in generating the excellent Cr(VI) ion adsorption capacity of oxidized CNTs were the surface functional groups (hydroxyl, carboxyl and carbonyl) generated by treatment with oxidizing acids (Jia et al. 1999) . Refluxing with such a mixture of acids led to the opening of the ends of the nanotube bodies, the oxidized carbon atoms situated at such ends being more reactive due to the formation of functional groups. As a result, the ion-exchange capacity of the CNTs increased after oxidation with most of the Cr(VI) ions being adsorbed onto such functional group sites by anion exchange on the surface of the CNTs. For all these various reasons, the Cr(VI) ion adsorption capacity of the oxidized CNTs was significant.
Kinetic studies
The kinetics of Cr(VI) ion adsorption from aqueous solution were studied by adding 1 g CNTs to 1000 ml of a Cr(VI) ion solution of 30 mg/l concentration at a pH value of 7.5. The results obtained are depicted in Figure 6 . The data show that during the first 20 min the adsorption rate was fast and the adsorption capacity reached 15 mg/g. Subsequently, the adsorption rate increased gradually with equilibrium being attained after 100 min.
The kinetic curve indicates that Cr(VI) ion adsorption occurred not only at the surfaces of the CNTs but also in the inner cavities and the open ends accessible to ion diffusion. The initial rapid adsorption may be due to the adsorption of Cr(VI) ions onto functional group sites and active defect sites on the CNTs surfaces by direct anion exchange. Similarly, the subsequent slow adsorption could be mainly attributed to the long-range diffusion of Cr(VI) ions in the inner cavities and open ends of the CNTs. The high adsorption capacity, the wide range of pH values and the short time necessary to attain equilibrium make CNTs good candidates for the removal of Cr(VI) ions, especially from drinking water.
CONCLUSIONS
When oxidized with a mixed solution of nitric and sulphuric acids, CNTs exhibited high Cr(VI) ion adsorption efficiencies from water over a broad range of pH values between 4.0 and 7.5. Their adsorption capacities were found to be greater than that of activated carbon. Kinetic experiments showed that the rate of Cr(VI) ion adsorption was rapid over the first 20 min, when the adsorption capacity of the CNTs rapidly attained a value of 15 mg/g. The rate subsequently decreased and adsorption equilibrium was reached gradually over a period of ca. 100 min. The adsorption isotherms for Cr(VI) ions onto CNTs could be described by the Langmuir equation. The broad range of pH values and the high adsorption capacity of CNTs make them very promising materials for the removal of Cr(VI) ions from water.
